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CHARACTERIZATION OF OPTICAL FIBER USING FOURIER DOMAIN 
OPTICAL COHERENCE TOMOGRAPHY 

Cross-Reference to Related Applications 

[0001] This application is a continuation-in-part of US Serial No. 10/704,057, 

filed November 6, 2003, which claims the benefit of US Provisional Application No. 
60/426,272, filed November 1 4, 2002. . 

Technical Field 

[0002] The present invention relates to a system and method for characterizing an 

optical fiber and, more particularly, to utilizing Fourier domain optical coherence 
tomography (FDOCT) to detect sub-surface features, coating thicknesses and 
concentricity, as well as the refractive indices of the various layers forming the fiber. 

Background of the Invention 

[0003] Optical. fiber technology requires precise characterization and control of 

various fiber properties during the process of drawing the fiber from a preform. For 
example, control of the glass dimensions is crucial to the waveguiding properties of the 
fiber, such as its dispersion, micro-bend losses and scattering losses. The coating 
thickness influences the bend loss properties, splicing and cabling. Detection of air lines 
within the fiber is important for loss and strength quality control. Fiber eccentricity leads 
to polarization mode dispersion (PMD). Thus, all of these quantities need to be 
monitored during the draw process, without perturbing the fiber or the process. 
[0004] Over the years, fiber dimension measurements have been addressed using 

two techniques: (1) the "shadow technique" where a laser beam is scanned across a fiber 
and the change in transmission is analyzed to retrieve the fiber dimensions, and (2) the 
"forward scattering technique" which is an interferometric technique that analyzes the 
interference between light transmitted through a fiber and light reflected by a fiber to 
determine the fiber diameter. Currently, the accuracy of these prior art techniques is 
limited to approximately 0.1 |im. 

[0005] To date, fiber eccentricity is calculated by measuring the fiber dimensions 

is two orthogonal directions, using one of the two above-described techniques. However, 
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in today's fibers, the differences in dimension in the two directions approaches 
approximately 1 00 nm, which is at the limit of currently available measurement 
techniques. At high data transfer rates, even a sub- 100 nm difference results in 
significant PMD. Thus, there remains a need for a method and system for measuring 
fiber eccentricity, as well as other characteristics, with improved, nm scale accuracy. 
[0006] Additionally, there are some properties that cannot be measured using the 

prior art techniques. For example, fiber-coating concentricity cannot be measured if the 
coating refractive index is less than the refractive index of the fiber itself, which is the 
case for at least one class of fibers currently defined as "hard clad silica" (HCS) fiber. In 
other cases, a dual polymer coating is applied simultaneously at the same physical 
location on the draw tower, and there is no technique that can be used to measure the 
thickness of the inner coating, where this inner coating plays a crucial role in determining 
the micro-bend loss properties of the fiber. It is also desirable to measure the refractive 
index of the fiber through the various stages in the draw tower, so as to determine 
parameters such as fiber temperature, stress and strain, where all of these properties can 
further affect the PMD. 

[0007] The manufacture of optical fibers requires strict control of many 

parameters during the draw process in order to achieve the necessarily tight specifications 
on the refractive index profile. In particular, fiber tension during draw has been found to 
directly impact the index difference between various regions of the fiber and is therefore 
one of the most important draw parameters. Most prior art non-contact tension 
measurement gauges in use on draw towers today measure the mechanical vibration of 
the fiber after perturbing the fiber with a puff of air, considered to be a rather inaccurate 
and undesirable measurement technique. One prior art arrangement has been developed 
which measures the polarization-dependent side scatter from the fiber. This technique is 
nonlinear and considered to be inaccurate for large tensions, since its accuracy is 
dependent upon the fiber movement and ellipticity. 

[0008] With the push towards increasing the rate and distance of data 

transmission on a single optical fiber, the quality of the optical fiber is of paramount 
importance. An improved ability to measure the various above-described fiber 
characteristics, including refractive index, is considered to be critical. 
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Summary of the Invention 

[0009] The need remaining in the prior art is addressed by the present invention, 

which relates to a system and method for characterizing an optical fiber and, more 
particularly, to utilizing Fourier domain optical coherence tomography (FDOCT) to 
detect sub-surface features, coating thicknesses and fiber-coating concentricity, as well as 
the refractive indices of the various layers forming the fiber. 

[0010] In accordance with the present invention, the FDOCT technique utilizes 

back scattered light to reconstruct the transverse cross section of the fiber, providing 
information on the glass, coating and defects in a single measurement. In particular, a 
broadband light source is focused to provide an input beam at a direction essentially 
perpendicular to the fiber side wall. The light reflections from each material interface 
(e.g., air/fiber, coating/cladding region, etc.) will interfere with one another, forming an 
interference pattern in the spectral domain. The retro-reflected light from these various 
interfaces is subsequently applied as an input to a spectrometer, which will then generate 
a spectrogram of the interference pattern. In accordance with the present invention, a fast 
Fourier transform (FFT) of the spectrogram is then generated, where the peaks of the FFT 
will coincide with the physical locations of each material interface. By analyzing the 
interference pattern corresponding to each peak, the thickness of each layer within the 
fiber (as well as the overall fiber diameter) can be determined. 
[0011] The FDOCT technique of the present invention can be extended to 

simultaneously measure the geometrical and optical thickness of the fiber to a value 
within 10 nm, by placing the fiber in an optical cavity during the measurement process. 
With these geometrical and optical thickness measurements, the refractive index of the 
fiber can then be derived. 

[0012] Other and further features and advantages of the present invention will 

become apparent during the course of the following discussion and by reference to the 
accompanying drawings. 

Brief Description of the Drawings 

[0013] Referring now to the drawings, 
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[0014] FIG. 1 illustrates the reflections from a front surface and rear surface of a 

"bare fiber", or other optical object, where these reflections will interfere constructively 
and form a spectrogram that can be analyzed to determine the characteristics of the fiber; 
[0015] FIG. 2 illustrates a variation of the arrangement of FIG. 1 , where the "bare 

fiber" is replaced with an optical object comprising three separate material layers, with a 
reflection occurring at each interface between the layers; 

[0016] FIG. 3 illustrates an exemplary FDOCT measurement arrangement formed 

in accordance with the present invention; 

[0017] FIGs. 4(a) and (b) illustrate an exemplary spectrogram and FFT, 

respectively, that may be obtained by measuring a "bare fiber" in the arrangement of FIG. 

3; 

[0018] FIGs. 5(a) - (d) illustrate a pair of spectrograms and associated FFTs that 

may be used to analyze the fiber concentricity, with a first spectrogram and FFT 
measured along one axis (FIGs. 5(a) and (b)), and a second spectrogram and FFT (FIGs. 
5(c) and (d)) measured along a direction orthogonal to FIGs. 5(a) and (b); 
[0019] FIGs. 6(a) and (b) illustrate an exemplary spectrogram and FFT, 

respectively, of an exemplary dual-coated fiber, measured using the FDOCT technique of 
the present invention; 

[0020] FIG. 7 illustrates an exemplary cross-sectional fiber of a microstructured 

optical fiber that may be characterized using the arrangement of the present invention as 
illustrated in FIG. 3; 

[0021] FIGs. 8(a) and (b) illustrate the spectrogram and FFT, respectively 

associated with measuring a fiber such as shown in FIG. 7 in the arrangement of FIG. 3; 
[0022] FIG. 9 is a histogram of the adjacent FFT peak separations for the FFT of 

FIG. 8(b); 

[0023] FIG. 10 is a plot of the change in optical path length as a function of 

applied tension measured using the arrangement of the present invention as shown in 
FIG. 3, with the addition of a polarizer to find the tension-induced change in index along 
each polarization; 

[0024] FIG. 1 1 is an alternative arrangement of the present invention, including 

an optical cavity formed to surround the fiber being measured, such as by using a 
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reflective surface properly positioned beyond the fiber, this alternative arrangement is 
utilized to measure two unknown properties of a fiber; and 

[0025] FIGs. 12(a) and (b) illustrate the spectrogram and FFT, respectively, of a 

"bare" fiber measured using the arrangement of FIG. 1 1 . 

Detailed Description 

[0026] Prior to describing the specific embodiments of the present invention, it is 

useful to understand, at least in general terms, the underlying principles used to 
implement the Fourier domain technique in arriving at the capability of performing the 
desired measurements. 

[0027] With reference to FIG. 1 , when broadband light impinges a dielectric 

object 10 of index n and geometrical thickness d (such as a fiber), the light reflected from 
a front surface 12 and a back surface 14 will interfere. If the reflectivity of surfaces 12 
and 14 is low so that multiple reflections can be ignored, the reflected intensity is given 
by: 

1{X) = 7 l2 + 7 14 + 2^I ]2 I ]A cos(AO), 
where Ij 2 and Iu are the reflected intensities from front surface 12 and back surface 14, 
respectively, X is the wavelength of light in vacuum, and AO = 2u(2ndyk + AOg + u is 
defined as the phase difference between the two reflections. The total phase difference 
arises due to three separate factors: (1 ) the propagation of the light signal through object 
10; (2) the Gouy phase difference AO G and; (3) the n phase change on reflection from air 
to the dielectric interface. Since AO is wavelength dependent, the reflected intensity is 
modulated as a function of wavelength, with constructive interference occurring at 
wavelengths where the phase difference is an integral multiple of 2n. The spectrogram 
generated during the measurement can therefore be fitted to retrieve the optical thickness 
nd of the fiber. 

[0028] If multiple layers of different indices are present, a reflection will occur at 

each interface. FIG. 2 illustrates a three-layer dielectric object (fiber) 16 comprising a 
first layer 18, a second layer 20 and a third layer 22. The reflections from each interface, 
illustrated by the set of four arrows in FIG. 2, interfere with each other to produce 
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modulations at frequencies corresponding to the optical path difference (OPD) between 
them. The reflected intensity for the multiple layer model is then given by: 

y^- = £ *(z, ) + X 2 V*fr) £ cos[2to2(z, - z, ) / c], 

where o and c are the frequency and speed of light in a vacuum, respectively, I 0 (u) is the 
spectral intensity of the incident light, and R(zO is the reflectivity of the interface at the 
"optical distance" z x in the object. The optical distance z\ is defined as the product of the 
refractive index n and the physical distance d traveled from the first surface of the object 
to the i th interface. As used in accordance with the present invention, the fast Fourier 
Transform (FFT) of the reflected intensity contains peaks at frequencies corresponding to 
the optical distances 2(zi-Zj) between the various interfaces. Therefore, each peak in the 
FFT can be filtered and analyzed to reconstruct the index profile of the multi-layered 
object, where to arrive at the correct solution, it is important that the peak in the FFT 
domain be well-defined. The resolution in the FFT domain (Fr) is given by the relation 
F R = c/2( vl - v 0 ) = XlXq/2(Xl - X 0 ), where u 0 and Ul are the minimum and maximum 
frequencies of light, respectively, and X Q and Xi are the corresponding wavelengths. The 
FFT domain resolution Fr can be improved by increasing the spectral range over which 
data is recorded and/or by using shorter wavelengths. 

[0029] Once the right peak in the FFT is identified, it can be filtered and the 

inverse FFT (IFFT) can be taken to retrieve the spectral modulation to which it 

corresponds. This spectral modulation is extremely sensitive to nanometer scale changes 

in dimensions. For example, a change in optical thickness Ad is related to the shift in 

peak wavelength AX in the spectral modulation by the relation: 

Ad AA 
d ~ X ' 

Therefore, the sensitivity depends on the minimum detectable fringe shift, which is equal 
to the resolution of the spectrometer that is used. For example, for an object of thickness 
(d) of 125 jam, and a center wavelength (X) of 1 550 nm, with a spectrometer of resolution 
(AX) of 0.1 nm, the minimum detectable change (Ad) will be 8 nm. Thus, the technique 
of the present invention is capable of providing sub- 10 nm sensitivity, which is 
approximately a ten-fold improvement over the prior art. 
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[0030] For the purposes of discussion, the use of the FDOCT technique will be 

discussed in terms of measuring the parameters associated with an optical fiber. 
However, it is to be understood that the FDOCT measurement technique of the present 
invention is equally applicable for use with any optically transparent object, 
[0031] FIG. 3 illustrates an exemplary FDOCT arrangement 25 of the present 

invention used to measure the optical thickness of an optical fiber 30, where optical fiber 
30 is shown to include a cladding region 32 and outer coating layer 34. As shown in FIG. 
3, and with respect to the above discussion in accordance with FIG. 2, reflections will 
occur at each interface between a change in materials. That is, a first air-coating interface 
A will exist at the interface between "air" and the front surface of coating layer 34, a first 
coating-cladding interface B will exist at the first interface between coating layer 34 and 
cladding 32, a second coating-cladding interface C will exist at the opposing interface 
between cladding 32 and coating layer 34, and, lastly, second air-fiber cladding interface 
D will exist at the interface between the outer surface of coating layer 34 and the 
surrounding "air". As discussed below, the technique of the present invention utilizes a 
broadband input light source and a spectrometer to provide the necessary measurements 
to yield the Fourier transform data associated with the fiber characteristics. 
- [0032] Referring to the particular FDOCT arrangement 25 of FIG. 3, an input 

light beam from a broadband source 36 is first coupled into a 50:50 beamsplitter 38. One 
output arm 40 of beamsplitter is subsequently collimated and focused through a pair of 
lenses 42 with a low numerical aperture (NA) onto fiber 30. The retro-reflected light 
from fiber 30 is then collected by the pair of lenses 42 and focused back into beamsplitter 
38. Advantageously, beamsplitter 38 then functions as a point receiver to further 
discriminate against light that is not perfectly retro-reflected and carries the reflected light 
along beamsplitter arm 43 and into spectrometer 44. As discussed above, spectrometer 44 
then records the received spectral fringes on a detector array. 

[0033] In experiments using the above-described arrangement 25 of FIG. 3, two 

different broadband sources and detectors were used. Other broadband sources are 
possible for use in general and considered to fall within the scope of the present 
invention. For low-resolution experiments, an Er + -fiber ASE source was used as 
broadband light source 36. An optical channel monitor with an approximately 40 nm 
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bandwidth was used as spectrometer 44. For high resolution experiments, a continuum 
source 36, with a 300 nm bandwidth ranging from 1400 nm to 1700 nm was used. 
[0034] The application of the FDOCT measurement technique of the present 

invention with a conventional bare fiber inserted in place of fiber 30 in arrangement 25 
can be understood with reference to FIG. 4, where FIG. 4(a) contains the spectrogram of 
the reflection of a bare fiber is inserted in arrangement 25, where this reflection is shown 
to take the form of a cosine signal, and FIG. 4(b) illustrates the FFT of this cosine signal, 
resulting in a single peak. A small diagram of a "bare fiber" as used in this application is 
shown as an insert in the graph of FIG. 4(b), with the front reflecting surface of the fiber 
defined as surface "B" and the rear reflecting surface of the fiber defined as surface "C". 
[0035] In accordance with the present invention, the location of the FFT peak B- 

C can then be used as an initial estimate to the fit of the cosine modulation used to 
retrieve the optical thickness of the fiber. Any change in the optical path length (OPL) 
will cause a shift of the fringes. As discussed above, changes less than 10 nm can be 
detected with this arrangement with a spectral resolution of 0.1 nm. Accordingly, a 
simultaneous measurement of the fiber thickness from two orthogonal directions can be 
used to measure very small amounts of fiber eccentricity. 

[0036] An advantage of the FDOCT technique of the present invention is that it 

contains information regarding the "volume" of the fiber. Hence, sub-surface features 
such as air lines, multiple layers, etc. can be detected, since each feature will introduce 
another retro-reflected signal. A single FDOCT measurement can be used to reconstruct 
the refractive index distribution across a coated fiber cross-section, where this 
information can then be used to derive information about the coated and uncoated fiber 
diameters, as well as the fiber-coating concentricity. 

[0037] Traditional concentricity monitors rely on total internal reflection to occur 

at the coating-glass interface and therefore require that the coating be of a higher 
refractive index than the core fiber glass. This limitation does not apply to the inventive 
FDOCT technique and therefore both high and low index coatings can be measured. 
Since the inventive technique is non-contact and non-perturbative to the fiber, it is 
suitable for use during the draw process. FIGs. 5(a) - (d) illustrate the use of the 
inventive FDOCT technique to determine the concentricity of a coated fiber, where this 
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determination is'made by using a pair of orthogonal FDOCT measurements. In 
particular, FIG. 5(a) is the spectrogram and FIG. 5(b) is the associated FFT for a fiber 
consisting of a D s ~ 205 ^im diameter glass, with a total coating thickness (e.g., AB + CD, 
from FIG. 3) of approximately 22 jam. Once the measurements for this orientation are 
complete, the fiber is rotated 90° and the measurements are repeated for the spectrogram 
and FFT of FIGs. 5(c) and (d), respectively. As discussed above in association with 
arrangement 25 of FIG. 3, the reflections from air-coating interfaces A and D, and the 
reflections from coating-glass interfaces B and C interfere with each other, giving rise to 
spectral modulations at frequencies corresponding to the phase difference between the 
reflected signals. It is to be understood that an alternative arrangement for providing the 
orthogonal measurements may be used, where instead of re-orienting the fiber, the return 
reflections may be passed through a polarization beam splitter, such that each 
polarization is directed into a separate optical spectrometer. In this case, the signals may 
be processed simultaneously, and arrive at the results, as shown below, that will indicate 
any eccentricity in the fiber-cladding arrangement. 

[0038J Referring to FIG. 5(b) and the diagram insert, the fiber is shown as rotated such 
that the light is incident in a direction where both coating walls are of essentially equal 
thickness. The FFT of FIG. 5(b) contains a peak PI, P2 at 30 |um, a peak P3, P4 at 624.5 
jam, and a last peak P5 at 657 jum. Peaks PI, P2 correspond to the interference between 
interfaces A and B ( for peak PI) and C and D (for peak P2). The coating wall 
thicknesses Tj and T 2 can then be calculated as follows: 

Tj =P,/(2/? c ), and 
T 2 = P 2 /(2k c ), 

where n c is defined as the refractive index of the coating material. Peaks P3 and P4 arise 
due to the interference between interfaces A and C (P3), and B and D (P4), and peak P5 
arises due to the interference between interfaces A and D. 

[0039] The graphs contained in FIGs. 5(c) and (d), as mentioned above, contain 

the spectrogram and FFT, respectively, of the same fiber, rotated 90° with respect to the 
measurement performed for the results in FIGs. 5(a) and (b). As shown in the inset of 
FIG. 5(d), the wall thicknesses of the coating layer on either side of the glass are unequal 
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for this particular orientation. Referring to FIG. 5(d), peak PI is shown at a value of 17.6 
jam, P2 = 46 jam, P3 = 607 ^m, P4 = 635 jam and P5 = 654 |um. 
[0040] The coating wall thickness can also be calculated as (P5 - P3)/(2« c ) and 

(P5 - ?4)/(2n c ). The uncoated fiber diameter is given by D s = (P5 - PI - P2)/(2<), where 
n s is defined as the refractive index of silica glass (the fiber core region). In looking at 
the FFTs of FIGs. 5(b) and (d), it is noted that the amplitude of the FFT peak due to the 
interference between interfaces B and C is undetectable because the reflectivities of both 
contributing surfaces are small, owing to the small index difference between the cladding 
and the coating. The coated fiber diameter is defined as D c = D s + (PI + P2)/(2n Q ). 
Comparing the two FFTs of FIGs. 5(b) and (d), the presence of unequal coating 
thickness for the FFT of FIG. 5(d) is shown to split the two peaks PI and P2, and split the 
two peaks P3 and P4. Thus, in accordance with the present invention, by performing 
measurements along two orthogonal diagonals, the inventive FDOCT technique can be 
used to monitor the fiber/coating concentricity. 

[0041] Standard telecommunication optical fibers contain a dual coat of 

polymers. Often, these polymer coatings are simultaneously applied and, as a result, the 
diameter of the first coating (often referred to as the "primary coating diameter" or POD), 
cannot be measured. The diameter of the POD is an important factor in the 
characterization of the fiber, since it affects the bend loss properties of the fiber. The 
FDOCT technique of the present invention, by virtue of the ability to discern the separate 
peaks in the FFT of such a dual coated fiber, can be applied to measure the location of the 
interface between the two coatings, where the POD can then be calculated from this 
value. FIGs. 6(a) and (b) illustrate an exemplary spectrogram and FFT, respectively, for 
a dual-coated fiber, as illustrated in the inset in FIG. 6(b). Referring to FIG. 6(b). peak 
PI is associated with the air/secondary coating interface plus the secondary/primary 
coating interface (i.e., AB and/or EF, with reference to the insert). The peak P2 is 
associated with the air/secondary coating interface plus the "nearest" primary 
coating/glass interface (AC and/or DF), and similarly, peak P3 is associated with the 
air/secondary coating interface plus the "farthest" primary coating/glass interface (AD 
and/or CF). Lastly, peak P4 is associated with the air/secondary coating interface plus 
the air/primary coating interface (i.e., AF, which equals the coated fiber diameter). The 
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thicknesses BC and DE, which are of interest for the POD measurement, can be 
calculated as (P2-Pl)/(2n) 5 where n is the refractive index of the primary coating. 
[0042] Microstructured optical fibers consist of a periodic pattern of air holes that 

run along the fiber length, where a cross-section of one exemplary microstructured fiber 
is illustrated in FIG. 7. These fibers exhibit unique guidance properties that cannot be 
replicated by conventional fibers, where these properties critically depend on the size and 
distribution of air holes within the fiber. Thus, it is crucial to be able to monitor and 
control the air hole characteristics during the fiber manufacturing process. 
Advantageously, the FDOCT technique of the present invention may be used to measure 
the location and distribution of air holes within such a microstructured optical fiber. 
[0043] In this case, a broadband continuum source is used in arrangement 25 of 

FIG. 3, and a rotation element 59 is inserted in arrangement 25 so that the fiber can be 
rotated. In an experiment situation, a camera was used with arrangement 25 to view the 
endface of the fiber and allow for precise control of the crystal orientation of the periodic 
air hole pattern with respect to the incident beam. In one experiment, a fiber with an 
overall diameter D = 125 |um was used, with a triangular regular lattice crystal consisting 
of six rings of air holes of diameter d= 2.5 jum, and adjacent hole spacing of A = 3.2 jam. 
The core region was defined by the "absence" of an air hole through the center of the 
fiber. FIGs. 8(a) and (b) illustrate the spectrogram and associated FFT, respectively, for a 
fiber such as shown in FIG. 7, where the black dots in the FFT denote the positions of 
peaks. A histogram of the adjacent FFT peak separations is shown in FIG. 9, where the 
values are divided by two from the values in FIG. 8(b) to correct for the round trip 
through the fiber. 

[0044] Referring to FIG. 8(b), it is evident that there are three ranges of distances 

at which the peaks are concentrated. The first range extends over short distances (i.e., 
less than approximately 100 jam). These peaks are associated with the cross correlation 
of the crystal structure with itself and their locations denote the separation between the 
interfering features in the crystal structure. The amplitude of the FFT peaks are shown to 
decrease with distance, as a result of the degradation of the overlap between reflections 
from structures separated by a large distance. The peaks in the second range (i.e., from 
about 100 jam to approximately 250 |im) arise from the interference between reflections 
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from the fiber surface and the crystal structure. The beginning of this range is denoted by 
a strong peak (present at 133 jum and identified with an "X" in FIG. 8(b)), towards the 
end of the first range. This peak arises due to the interference between the front surface 
of the fiber and the hole in the crystal pattern that is closest to the fiber surface. The 
position of this peak is related to the length of axis PQ of the crystal (as shown in FIG. 7) 
by an amount D - X/n s , where n s is (as defined above) the refractive index of silica. 
Using this formula, the length of axis PQ for this particular example is 33 jim, as 
compared to a microscope measurement of this length yielding 38 \xm. The last peak in 
this second set is located at Y = 233.4 ^m, where this peak is associated with the fiber 
front surface and the hole furthest from this surface. As mentioned above, the location of 
the peaks in this second set represent the distance between the fiber front surface and the 
holes. Hence, the difference between successive peak locations can be related to the 
separation between adjacent holes, where this separation yields a consistent value of 
approximately 7.8 jam, consistent with a conventional crystal pattern. 
[0045] The third set of peaks ranges from approximately 250 \im to 

approximately 370 |im, and as evident in FIG. 8(b), they have a much smaller value than 
either the first set or the second set. These peaks may arise due to multiple reflections 
within the crystal structure itself. The peaks around 360 jam are consistent with the 
interference between the front and rear surfaces of the fiber itself, and are thought to have 
a significantly lower amplitude as a result of the reduced strength of light that reflects 
back from the rear fiber surface. The histogram illustrated in FIG. 9 is defined as one- 
half of the separation between the FFT peaks. As shown, the spacing between the peaks, 
which is indicative of the spacing between the scatterers, lies mainly between four and 
eight microns. These values change when the orientation of the crystal is changed with 
respect to the incident beam. 

[0046] As mentioned above, fiber tension has been found to directly impact the 

index difference between various regions of the fiber and, therefore, is one of the most 
important draw parameters. The FDOCT technique of the present invention can be used 
to perform a non-perturbative measurement of the birefringence of a fiber under tension. 
[0047] During manufacture, axial tension is applied to the optical fiber as it is 

drawn from the preform. Tension causes an axial stress a = T/w 2 , where T is the applied 
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tension and r is the radius of the fiber. The applied tension induces a birefringence so 
that light polarized along the fiber axis experiences a different refractive index n z as 
compared to the index n p for light polarized perpendicular to the axis. The difference in 
refractive index is related to the applied stress by the relation a = C(n z - n p ) t where C is a 
defined material constant having a value of 2.77 x 10 1 1 N/m 2 . Therefore, the index 
difference is shown to vary linearly with applied tension, using the following relation: 

[0048] In one experiment to investigate the use of the inventive FDOCT 

technique in analyzing the effects of tension, tension was applied by suspending known 
weights from a coreless silica fiber of diameter D = 125 |am. A polarizer (shown as 
element 55) was added between the collimating and focusing lenses 42 of arrangement 25 
of FIG. 3 in order to select the polarization of the broadband light source. For each 
weight, the optical thickness was measured using the inventive FDOCT method for 
polarizations both parallel and perpendicular to the fiber axis. FIG. 10 shows the 
difference in optical path lengths 2d(n z - n p ) as a function of the weight suspended from 
the fiber. A linear fit to the data yields a slope of approximately 0.6 nm/g, which is 
within 10% of the theoretical value of 0.72 nm/g. The use of the FDOCT technique of 
the present invention to measure this tension has several advantages over other prior art 
fiber tension gauges. First, it directly measures the draw stress, rather than the tension, 
which is a more fundamental quantity affecting the fiber properties. Further, the 
technique of the present invention simultaneously measures the fiber diameter, thereby 
providing two important draw measurements using a single measurement arrangement, 
which reduces the footprint on the draw tower (where space is always at a premium). 
Additionally, the measurements are independent of draw tower height and device 
calibration is not required. As shown in FIG. 10, the measurement remains linear over 
the entire range of draw tensions, leading to the conclusion that the accuracy of the 
measurement is unaffected by displacement and ellipticity of the fiber. 
[0049] It is often desirable to measure two unknown parameters of a fiber, such as 

the geometrical thickness of a fiber and its refractive index, or the thickness of two layers 
that have a relatively small refractive index difference, such that the reflection from their 
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interface is too small to be detected. Knowledge of the refractive index of the fiber can 
yield information on the mechanical stress, twist, temperature, etc. of the fiber. Two 
unknown parameters of the fiber can be solved for from independent measurements of 
the optical and geometrical thicknesses of the fiber. Measuring arrangement 60, as 
illustrated in FIG. 11, can be used to perform these measurements in accordance with the 
present invention. 

[0050] . Referring to FIG. 1 1 , measuring arrangement 60 is shown to be similar to 
arrangement 25 of FIG. 3, including a broadband source 62 applied as an input to a 50:50 
beam splitter 64. In this case, an output arm 65 of beam splitter 64 is coupled to a beam 
expander 66 (in place of the focusing lens arrangement of FIG. 5). Beam expander 66 
functions to collimate the beam, and also acts as the source, as well as the point receiver, 
in this particular arrangement. The output of beam expander 66 is then used to illuminate 
the object 68, such as an optical fiber. In the embodiment of measuring arrangement 60, 
a reflective surface 70 is disposed beyond object 68 so as to reflect the remaining portion 
of the light signal passing completely through object 68. An optical cavity is thus formed 
by the parallel reflecting surfaces of tip 72 of beam expander 66 and reflective surface 70. 
[0051] In accordance with the measurement technique of the present invention, 

broadband light from source 62 passes through beam splitter 64 and beam expander 66. 
As before, a portion of this light will be reflected at each interface between the different 
materials. In this case, reflections will occur at beam expander tip 72, front surface 74 of 
object 68, rear surface 76 of object 68 and reflective surface 70. All of these reflections 
are coupled back into beam expander 66 at tip 72, and then propagate back through beam 
splitter 64 and are applied as an input to a spectrometer 78, which records the spectral 
intensity modulation. 

[0052] FIGs. 12(a) and (b) contain the spectrogram and FFT, respectively, when a 

bare fiber is inserted as object 68 in measuring arrangement 60 of FIG. 1 1 . Front and 
rear surfaces 74 and 76 form six optical cavities with the walls of the cavity defined by 
tip 72 and reflective surface 70, each cavity having a different optical length. As long as 
the position of object 68 is properly adjusted within the cavity formed by surfaces 72 and 
70, each of the six cavities will appear as a distinct, non-overlapping component in the 
FFT domain, as corresponding to its optical path length. In accordance with the present 
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invention, each of these components may then be filtered and its inverse FFT taken to 
retrieve the corresponding cosine modulation. The cosine modulation is then fitted to 
retrieve the optical path length. 

[0053] The optical thickness of the fiber itself is given by peak 74-76, as shown 

in FIG. 12(b). The geometrical thickness is given by, 




OC u 72/74 u 68/70 



where doc is defined . as the length of the optical cavity between tip 72 and reflective 
surface 70 without the fiber in place. The refractive index of the fiber can be defined by 
relation dj4P(Jd. 

[0054] It is to be understood that the various embodiments and uses of the 

inventive FDOCT measurement arrangement are intended to be merely illustrative of the 
inventive concept. Various other embodiments and modifications may be made by those 
skilled in the art without departing from the spirit and scope of the present invention, as 
defined by the claims appended hereto. 
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